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Abstract: Changes in population birth outcomes, including increases in low birthweight or preterm
births, have been documented after natural and manmade disasters. However, information is limited
following the 2011 Fukushima Daiichi Nuclear Power Plant Disaster. In this study, we assessed
whether there were long-term changes in birth outcomes post-disaster, compared to pre-disaster data,
and whether residential area and food purchasing patterns, as proxy measurements of evacuation and
radiation-related anxiety, were associated with post-disaster birth outcomes. Maternal and perinatal
data were retrospectively collected for all live singleton births at a public hospital, located 23 km
from the power plant, from 2008 to 2015. Proportions of low birthweight (<2500 g at birth) and
preterm births (<37 weeks gestation at birth) were compared pre- and post-disaster, and regression
models were conducted to assess for associations between these outcomes and evacuation and food
avoidance. A total of 1101 live singleton births were included. There were no increased proportions
of low birthweight or preterm births in any year after the disaster (merged post-disaster risk ratio
of low birthweight birth: 0.98, 95% confidence interval (CI): 0.64–1.51; and preterm birth: 0.68,
95% CI: 0.38–1.21). No significant associations between birth outcomes and residential area or food
purchasing patterns were identified, after adjustment for covariates. In conclusion, no changes
in birth outcomes were found in this institution-based investigation after the Fukushima disaster.
Further research is needed on the pathways that may exacerbate or reduce disaster effects on maternal
and perinatal health.
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1. Introduction
Perinatal health is a crucial aspect of public health. Birth outcomes, measureable as birthweight
and gestational age at birth, have been found to predict both short- and long-term health trajectories
of the neonate; a topic which has gained significant attention in the field of epidemiology [1–4].
A host of factors can influence birth outcomes, including maternal medical history, environmental and
behavioural factors, and sociodemographic factors such as ethnicity, age and marital status [5,6].
Evidence has additionally grown for associations between external stressors and adverse birth
outcomes [7], opening new discussions on the broad determinants of health at birth [8].
Disasters are one type of external stressor associated with changes in population birth outcomes.
Increases in low birthweight births have been documented after natural disasters, chemical disasters
and terrorism, with or without concurrent increases in preterm births [9–20]. Post-disaster changes
in birth outcomes are thought to be mediated through maternal exposure to environmental toxins
or disaster-related psychosocial stress, yet an area that remains unclear is the timeframe between
exposure and outcome [9,21]. Most studies to date have focused on women who were pregnant at the
time of a disaster, yet there is also evidence for increased prevalence of low birthweight and preterm
births lasting for years post-disaster [10,22]. This finding is consistent with growing evidence that
stressful life events prior to conception can increase the risk of delivering a low birthweight neonate
later in life [23,24], and highlights the possibility that disasters may not only have immediate health
impacts, but additionally lead to long-term changes in the birth outcomes of affected populations.
On 11 March 2011, Northeast Japan was struck by an earthquake and tsunami, triggering a
nuclear disaster at Fukushima Daiichi Nuclear Power Plant. In contrast to the relatively immediate
destruction of the earthquake and tsunami, the nuclear disaster has led to long-term societal changes
such as prolonged evacuation [25], and changing health risks have been observed in affected
populations [26–28]. Issues of stigma, radiation-related anxiety, and increasing mental health problems
have additionally been identified [25]. However, there is limited understanding of maternal and
perinatal health following this disaster. There has been mixed evidence for immediate post-disaster
changes in birth outcomes; some previous studies have found no increased proportions of low
birthweight or preterm births in areas affected by the earthquake and tsunami [29], or in areas
additionally affected by the nuclear disaster [30–32], in the first year post-disaster. However, there
have also been findings of a slight increase in low birthweight neonates to women that had been
28–36 weeks pregnant at the time of the earthquake, in earthquake- and tsunami-affected areas [29],
and increased proportions of low birthweight and preterm birth to women who conceived within six
months post-disaster in areas affected by the Fukushima nuclear disaster [33]. However, despite the
continuing social, psychological and physical health impacts of the nuclear disaster [25], there have
been very few assessments to date of the long-term trends in birth outcomes in affected areas [32];
an area that calls for further elucidation.
In this institution-based study we evaluated data from Minamisoma Municipal General Hospital
(MMGH), located 23 km from the plant (Figure 1), to investigate long-term trends in maternal and
neonatal characteristics following the 2011 nuclear disaster. The objective of the present study is
two-fold: to assess if there were long-term changes in birth outcomes following the Fukushima nuclear
disaster, in comparison with pre-disaster baseline data, and to evaluate whether residential address
at the time of the disaster, as a proxy measurement of evacuation, and avoidance of Fukushima food
products, as a proxy measurement of radiation-related anxiety, were associated with any post-disaster
birth outcomes.
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2. Materials and Methods
2.1. Setting and Participants
All live singleton births at MMGH from April 2008 to 2015 were included in this study.
On 12 March 2011, the 20 km radius of the power plant was classified as a restricted zone under
mandatory evacuation orders by the central government of Japan [34]. On 15 March, those in the
20–30 km radius were ordered to shelter indoors, and on 25 March, this zone was classified as a
voluntary evacuation area [25]. The mandatory evacuation zone has been under frequent updates,
as described in previous reports [26], expanding to the northwest mountainous areas heavily affected
by radioactive fallo t. MMGH falls just outside of the mandatory evacuation zon , and serve areas
significantly affected by he nuclear disas e . Although the Obstetrics and Gyn cology Depar ment
of the hospital clos d immediately after the disaster, it re-opened in April 2012. The ime-period of
this study therefore captures three ye rs of post-disaster data (2012–2015) on births in this hospital,
compared to the same le gth of period pre-disaster (2008–2011), defined in the format of Japanese
fiscal years which begin in April and end in March of the following year.
2.2. Data Collection
Data on maternal characteristics and birth outco es were extracted from the hospital’s patient
records. Maternal characteristics included age at time of the birth, number of previous deliveries
(parity) and residential address. Birth data of birthweight, gestational age at birth, mode of delivery
(vaginal delivery or caesarean section), date of delivery, and sex of the neonate were collected.
2.3. Main Outcome Measures
The following two outcome measures were considered as primary birth outcomes of interest in
this study: low birthweight (<2500 g at birth), and preterm birth (<37 weeks of gestation at birth).
2.4. Residential Area at the Time of the Disaster
The difficulty of defining maternal exposure to a disaster has been previously noted [9]. The present
study uses residential area at the time of the disaster [9] to estimate evacuation experience as an
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indicator of maternal disaster exposure. For all mothers who delivered in the post-disaster period,
data on residential address at the time of the disaster was extracted from hospital records. Mothers
were then classified into four groups based on evacuation orders: (1) inside the mandatory evacuation
zone; (2) inside the indoor sheltering/voluntary evacuation zone; (3) inside areas of Soso District
under no evacuation orders; and (4) outside Soso District. For participants in the pre-disaster period,
residential address at the time of delivery was classified in the same manner. The geographical scope
of the evacuation orders during the study period is displayed in Figure 1. Soso District is specified in
these classifications as it was significantly affected by the disasters, with areas falling in the mandatory,
voluntary, and non-evacuation zones, and significant evacuation even in non-ordered areas; it is
reported by the Japanese Ministry of Education, Culture, Sports, Science and Technology (MEXT) that
at the time point of 15 March 2011, 102,882 Fukushima Prefecture residents had evacuated within or
outside the Prefecture, and voluntary evacuees were estimated to account for 39.1% (40,256 people),
leaving both voluntary evacuation zones and non-ordered areas [35].
2.5. Post-Disaster Food Purchasing Patterns
This study additionally used data on maternal food purchasing patterns. Since March 2012,
all pregnant women under the care of MMGH have been encouraged to undergo free Whole Body
Counter (WBC) internal radiation contamination screenings at MMGH during their pregnancies.
An exposure risk assessment questionnaire is given at the time of WBC screenings, which contains
items on methods of acquiring the following six food products: rice, meat, fish, produce, mushrooms
and milk. Each item has four choices: (a) purchasing food products at a supermarket based on origin
(Fukushima vs. non-Fukushima); (b) purchasing food products at a supermarket without consideration
of origin; (c) using local farms or consuming home grown foods with radiation inspection; or (d)
without it.
We extracted data on the food purchasing preferences of participants in the post-disaster period,
with the hypothesis that avoidance of Fukushima products could be an indicator of radiation-related
anxiety. If participants had undergone multiple WBC screenings during their pregnancy, questionnaire
data were extracted from the screening closest to the date of delivery. In all WBC screenings of pregnant
women from 2012 to 2015, there were no cases of detectable internal radiation contamination (detection
limits with a 2-min scan: 210 Bq/body for Caesium-134 and 250 Bq/body for Caesium-137); therefore,
internal radiation levels could not be considered as a variable for analysis in this study.
2.6. Statistical Analyses
We conducted two analyses. First, to evaluate any difference in the rates of post- versus
pre-disaster birth outcomes, proportions of low birthweight and preterm birth were calculated for
each period and compared, expressed as risk ratios (RRs).
Second, to examine any associations of these two outcomes (low birthweight and preterm
birth) with residential area at the time of the disaster or food purchasing patterns, adjusted for
potential covariates, we performed multivariate logistic regression analyses with the post-disaster
data. For model building, variables initially entered into the regression models were chosen based
on univariate analyses. Additional model selection was performed using backward-stepwise method
with p-to-remove of >0.05. Backward-stepwise regression starts with all the candidate variables in
the model and removes the least significant variables until all the remaining variables are statistically
significant. Basic variables, such as year, maternal age at time of birth, sex of neonate, and the number
of previous deliveries, as well as those of main interest in this study (i.e., residential address at the
time of the disaster and post-disaster food patterns) were incorporated into the final model regardless
of their statistical significance as long as stable models were obtained. The partial F-test was used
to verify the entry and removal of variables from the model. Since some participants had more than
one delivery at MMGH during the study period, the regression model included a random effect at
individual level to control for the fact that the same individual’s data were correlated.
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2.7. Ethics Approval
Ethics approval for this study was granted by the MMGH Institutional Review Board, reference
number 27-21. Participant consent was not found to be necessary, as this was a retrospective analysis
of hospital records. All data were anonymised prior to analysis.
3. Results
3.1. Characteristics of Study Participants
There were 1134 births recorded at MMGH from April 2008 through March 2015. Eleven sets
of twins, three intentional abortions, four stillbirths and four miscarriages recorded as births were
excluded, resulting in 1101 live singleton births (delivered from 1009 mothers) included in this study.
By year, there were 236 births in 2008, 221 in 2009, 214 in 2010, 0 in 2011 (due to study institution
closure, as mentioned above), 90 in 2012, 162 in 2013, and 178 in 2014.
Maternal and neonatal characteristics by year are described in Table 1. There were no significant
differences between years in the proportions of low birthweight or preterm births. The distributions of
birthweight and gestational age at birth in pre- and post-disaster periods are displayed in Figure 2.
The number of previous deliveries per mother significantly differed between years, with a pre-disaster
decrease in mothers with two or more previous deliveries (and increase in mothers with 0 or 1 previous
deliveries) in 2009, and a post-disaster increase in first-time mothers peaking in 2014 (p < 0.001). There
were significant changes in maternal residential address patterns throughout years (p < 0.001) with
post-disaster decreases in deliveries at MMGH by those who had been living outside Soso District or
within the mandatory evacuation zone at the time of the disaster, alongside increases in those who had
been living in areas under voluntary evacuation orders or areas of Soso District under no evacuation
orders. Because there were few mothers aged <19 years old (zero in 2008, four in 2009, three in 2010,
zero in 2011, one in 2012, six in 2013 and four in 2014), we were unable to categorize this potentially
high-risk group; maternal age at birth was instead categorized as <35 and >35 years, and a significant
increase in mothers >35 years of age was observed after the disaster (p < 0.05). Other variables, such as
sex of neonate, mode of delivery, and season of delivery were not significantly different by year.
Table 1. Maternal and neonatal demographic characteristics by year (n, %).





No 217 (92.0) 203 (91.9) 202 (94.4) 85 (94.4) 152 (93.8) 161 (90.5)
Yes 19 (8.1) 18 (8.1) 12 (5.6) 5 (5.6) 10 (6.2) 17 (9.6)
Preterm Birth 0.51
No 223 (94.5) 212 (95.9) 201 (93.9) 88 (97.8) 153 (94.4) 173 (97.2)
Yes 13 (5.5) 9 (4.1) 13 (6.1) 2 (2.2) 9 (5.6) 5 (2.8)
Sex of Neonate 0.37
Male 120 (51.3) 104 (47.7) 119 (56.1) 40 (44.9) 77 (47.8) 94 (53.1)
Female 114 (48.7) 114 (52.3) 93 (43.9) 49 (55.1) 84 (52.2) 83 (46.9)
Mode of Delivery 0.26
Vaginal delivery 183 (77.5) 179 (81.0) 158 (73.8) 75 (83.3) 123 (75.9) 131 (73.6)
Caesarean section 53 (22.5) 42 (19.0) 56 (26.2) 15 (16.7) 39 (24.1) 47 (26.4)
Maternal Age (year) <0.05
–35] 201 (85.2) 181 (81.9) 183 (85.5) 67 (74.4) 122 (75.3) 143 (79.2)
(35– 35 (14.8) 40 (18.1) 31 (14.5) 23 (25.6) 40 (24.7) 37 (20.8)
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Table 1. Cont.




Number of Previous Deliveries <0.001
0 44 (18.6) 94 (42.5) 90 (42.1) 34 (37.8) 74 (45.7) 97 (54.5)
1 31 (13.1) 86 (38.9) 88 (41.1) 39 (43.3) 59 (36.4) 52 (29.2)
2 or more 161 (68.2) 41 (18.6) 36 (16.8) 17 (18.9) 29 (17.9) 29 (16.3)
Residential Area † <0.001
Inside the mandatory




44 (18.6) 39 (17.7) 40 (18.7) 28 (31.1) 78 (48.2) 79 (44.4)
Inside areas of Soso
District under no
evacuation orders
32 (13.6) 28 (12.7) 23 (10.8) 32 (35.6) 53 (32.7) 48 (27.0)
Outside Soso District 76 (32.2) 62 (28.1) 72 (33.6) 19 (21.1) 15 (9.3) 25 (14.0)
Season of Delivery 0.25
Spring 57 (24.2) 66 (29.9) 57 (26.6) 15 (16.7) 36 (22.2) 52 (29.2)
Summer 59 (25.0) 55 (24.9) 58 (27.1) 18 (20.0) 39 (24.1) 43 (24.2)
Autumn 60 (25.4) 45 (20.4) 52 (24.3) 26 (28.9) 40 (24.7) 42 (23.6)
Winter 60 (25.4) 55 (24.9) 47 (22.0) 31 (34.4) 47 (29.0) 41 (23.0)
* Chi-squared test (or Fisher’s exact test, when there were fewer than five observations). † For 2008–2010,
this indicates place of residence at the time of delivery, and for 2012–2014, indicates place of residence at the
time of the Fukushima nuclear disaster.
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Of the 430 mothers included in the post-disaster period, 401 (93.3%) participated in the WBC
screenings. Of the 29 study participants that did not undergo WBC screening, six had been living
outside Soso District at the time of the disaster, and 19 delivered in the last year of the study period
(2014–2015). Trends in food purchasing choices are outlined in the additional material, and indicate
that avoidance of locally produced rice and produce significantly increased as years passed after the
disaster (p < 0.05 and p < 0.01, respectively) (Table S1).
3.2. Risk Ratios of Low Birthweight Birth and Preterm Birth
Table 2 shows the post- (2012, 2013, and 2014) versus pre-disaster (baseline: 2008–2010) RRs of low
birthweight and preterm birth, adjusted for maternal age and neonatal sex. There were no statistically
significant increases or decreases in the rates of preterm birth or low birthweight in any year after the
disaster. We conducted a sensitivity analysis by merging all 2012–2014 data into a single post-disaster
format, and non-significant results were observed (merged post-disaster RR of low birthweight birth:
0.98, 95% Confidence interval (CI): 0.62–1.51, p = 0.93; and RR of preterm birth: 0.68, 95% CI: 0.38–1.21,
p = 0.19).
Table 2. Post- versus pre-disaster risk ratios of low birthweight and preterm birth, adjusted for maternal
age and neonatal sex.
Birth Outcome Risk Ratio 95% CI p-Value
Low Birthweight
2012 0.71 0.29–1.75 0.46
2013 0.80 0.42–1.55 0.52
2014 1.28 0.76–2.17 0.35
Preterm Birth
2012 0.40 0.10–1.64 0.20
2013 1.01 0.49–2.05 0.99
2014 0.52 0.21–1.30 0.16
3.3. Regression Analysis
Table 3 shows results of the regression analysis for post-disaster low birthweight. The final model
considered year, sex of neonate, mode of delivery, maternal age, number of prior deliveries, and
residential address at the time of the disaster. There were no statistically significant associations found
with post-disaster low birthweight. This final model for low birthweight was not able to include the
variable of post-disaster food purchasing patterns (which were not statistically significant) because
of model instability. Sensitivity analyses were performed that constructed three different regression
models in which data of 2008, 2009, and 2010 were considered as reference years; similar results were
obtained (data not available). Similar results were obtained in the regression analysis for preterm birth
(Table S2), in which the final model showed no statistical significance in the relationship between any
variables and preterm birth.
Table 3. Regression model for post-disaster low birthweight (95% CI).
Variable Odds Ratio 95% CI p-Value
Year
2012 reference
2013 0.83 0.15–4.41 0.82
2014 1.69 0.38–7.63 0.44
Sex of Neonate
Male reference
Female 3.15 0.77–12.87 0.11
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Table 3. Cont.
Variable Odds Ratio 95% CI p-Value
Mode of Delivery
Vaginal delivery reference
Caesarean section 4.27 0.81–22.47 0.09
Maternal Age (year)
–35] reference
(35– 1.06 0.28–4.01 0.93
Number of Previous Deliveries
0 reference
1 0.73 0.20–2.57 0.62
More than 2 0.56 0.10–3.08 0.51
Residential Area
Inside the mandatory evacuation zone 0.91 0.11–7.17 0.93
Inside the sheltering/voluntary evacuation zone 1.00 0.19–5.31 1.00
Inside areas of Soso District under no evacuation orders 0.54 0.08–3.60 0.52
Outside Soso District reference
The results of univariate analyses, showing no statistically significant associations between food
purchasing patterns and low birthweight or preterm births, are displayed in Table S3.
4. Discussion
This study retrospectively assessed all live singleton births from 2008 to 2014 in a hospital serving
areas affected by the 2011 Fukushima Daiichi Nuclear Power Plant Accident, finding no significant
long-term changes in the prevalence of low birthweight or preterm births after the disaster, compared
to a pre-disaster period. There were additionally no associations between residential address at the
time of the disaster or food purchasing patterns, and post-disaster birth outcomes. We did confirm a
substantial decrease in the number of births occurring at MMGH after the disaster, with no births in
2011 due to departmental closure, followed by gradually increasing numbers in each post-disaster year.
Previous studies on birth outcomes following the Fukushima disaster have produced mixed
results, with some studies finding no significant changes in birth outcomes in areas affected by the
nuclear disaster [30–32], and others finding increased proportions of low birthweight and preterm
births [33]; however, most studies to date have only assessed outcomes within the first year of
the disaster. The overall inconsistency within results from Fukushima, and between results from
Fukushima and other disasters where increases in low birthweight or preterm births have been
predominant indicate that the effects of this disaster may differ from those observed in other settings [9–13].
In order to interpret inconsistencies between results of post-disaster studies on birth outcomes, it has
been noted that clear assessment of the pathways between disasters and outcomes is crucial [9,21].
Two commonly proposed pathways to post-disaster changes in population birth outcomes are
environmental exposures and psychological stress [9,21], and we took particular methodological
considerations of these factors in our study, as outlined below.
In terms of environmental exposures, nuclear disasters are rare and understudied events that
present the danger of exposing populations to radioactive materials. However, impacts of nuclear
disasters on population birth outcomes are not well studied, and likely to vary by the scale of each
disaster. Studies after the Chernobyl nuclear disaster in 1986 indicate mixed evidence for a small
increase in congenital anomalies, yet overall little effect on most pregnancies [9,36,37]. Radiation
related health risks in Fukushima have been found to be significantly less than those in Chernobyl due
to lower exposure doses [38], and the United Nations Scientific Committee on the Effects of Atomic
Radiation (UNSCEAR) has predicted no deterministic effects of radiation exposure to the general
public in Fukushima [38]. In the present study, none of the post-disaster mothers who underwent
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WBC screening (n = 401, 93.2%) had detectable levels of internal radiation contamination, and we
therefore find it unlikely that radiation exposure would have had any effect on birth outcomes in this
study. However, the Fukushima disaster has led to social disruption and public concern for radiation
exposure [25] which may pose its own risks to maternal and perinatal health; a previous study after the
Chernobyl accident found radiation-related anxiety, not radiation itself, to be associated with earlier
births [39].
Psychological stress is a frequently reported pathway from disaster occurrence to changes in
population birth outcomes [9,21,40]. We attempted to capture potential effects of stress by categorizing
participants based on residential address at the time of the disasters and food purchasing patterns
as indicators of evacuation and anxiety about radiation, respectively. Further, following findings on
the effects of pre-conception stressful life events on birthweight [23,24] and the long-term increases
in adverse birth outcomes seen after the Red River Catastrophic Flood [10] and the 11 September
attacks [22], we included three years in the post-disaster period to assess for any long-term changes.
Our finding that these indicators were not significantly associated with birth outcomes may suggest
that disaster experience in itself does not qualify as a stressful life event with long-term effects
on reproductive health. However, it is possible that our approach of measuring food purchasing
patterns and residential address at the time of the disaster were unable to accurately capture pathways
from disaster exposure to birth outcomes. Food purchasing patterns may be limited as a proxy
measurement for anxiety, as they are generally linked with household socioeconomic factors and local
food availability, two factors that may be affected by the disaster, yet were not possible to assess in this
study. It should also be noted that while 93.2% of the post-disaster participants in this study underwent
WBC screening and completed the food questionnaire, out of the 29 that did not complete it, six had
been living outside Soso District at the time of the disaster, and 19 had delivered in the last year of the
study (2014), meaning that food questionnaire results may be most representative of the population
living within Soso District in 2012 and 2013. In terms of evacuation, we should acknowledge that
movement after the disaster may have also been influenced by socioeconomic factors, meaning that
there may have been socioeconomic differences between those who were able to evacuate and those
who remained. Future evaluation of whether birth outcomes were patterned by socioeconomic factors,
in both Fukushima and other disaster settings, would be of great benefit to begin filling this evidence
gap that was out of the scope of our study.
This is not the first time that contradictory results on birth outcomes after disasters have been
observed. In addition to some inconsistency in findings between different disasters [9,21], there
have also been contradictory findings after the same disaster, as seen in the literature on Hurricane
Katrina [11,15,17,41]. Recent studies on Hurricane Katrina have suggested that rapid population
changes and differing risk profiles of the remaining population may have contributed to null findings,
or even apparent reductions in risk of adverse birth outcomes [15,41], highlighting the need for
disaster effects on birth outcomes to be considered in relation to potential population changes [15].
In this regard, we must recognize that large population shifts in Fukushima Prefecture have been
documented since the 2011 disaster [42], and Minamisoma City in particular has experienced dramatic
population loss, from 71,561 to approximately 10,000 within the first month of the disaster [43]. There
has been slow population return to the city after the disaster, particularly in adult women [44]. We can
speculate that one reason for null results observed in this study may have been the risk profile of the
post-disaster population, which may have differed from the pre-disaster population (i.e., those at the
highest risk of adverse birth outcomes may have been unable to return to the city after evacuation,
as was speculated after Hurricane Katrina [15], and thus would not have been included in this
study). The potential for population changes to influence results of birth outcome studies following
disasters further underscores the need to understand any socioeconomic shifts in pre- and post-disaster
populations, and how post-disaster adverse birth outcomes may relate to underlying population risks,
in future studies.
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Although this study found no changes in birth outcomes after the Fukushima nuclear disaster,
our results suggest post-disaster changes in maternal demographics. There were statistically significant
increases in the proportions of first-time mothers (p < 0.001), and in the proportions of mothers
>35 years of age after the disaster (p < 0.05) (Table 1). This change is likely to be related to post-disaster
population shifts as discussed above [44], with many women of reproductive age leaving to live
elsewhere (either temporarily or permanently), and may also reflect a decision to delay childbirth
on the part of women who remained in the area, as suggested by increased maternal age in the
post-disaster period. Economic instability, community tensions and separation of families are issues
that have been observed in post-disaster Fukushima [25,45], and all could have reduced social and
economic resources available to women in disaster-affected areas—changes which could be speculated
to have impacted fertility decisions being made in the study context. While it is unclear why the
proportions of mothers with previous deliveries decreased (and first-time mothers increased) after the
disaster, particularly in 2014 (Table 1), it could be hypothesized that anxiety or fear of radiation [46]
may have influenced fertility decisions, potentially in different ways between women who already
had children and those who did not. We also should consider that there may have been specific mental
health impacts of the disaster to mothers; a recent study found high rates of depressive symptoms
among mothers who were pregnant in 2010 or 2011 in Fukushima Prefecture [47], with particularly
high rates in Soso District compared to other areas of Fukushima [47]. Depressive symptoms in
women with deliveries around the time of the disaster may be related to the lower proportions of
repeat pregnancies observed in the post-disaster period of the present study, as mothers experiencing
depressive symptoms may have been less likely to want or try for repeat pregnancies. However, there
is still limited information on the drivers of fertility decisions and maternal demographics following
the Fukushima disaster, and nuclear disasters in general, and these areas deserve further research
beyond our speculations here.
Japan is the most rapidly ageing country in the world, and had fertility rates below replacement
levels since before the 2011 triple disaster [48]. We could not find any previous research that has
discussed the ways in which disaster impacts on fertility patterns and birth outcomes may differ in
baseline low fertility settings compared to high fertility settings, and we suggest that additional research
in this area may be valuable, particularly as disasters are expected to happen more frequently in the
future [49], and will more often hit low fertility countries as they continue to increase. The pathways of
disasters effects on birth outcomes are still not conclusively understood, and could be hypothesized to
function differently in low fertility vs. high fertility contexts. In this regard, Japan is representative of
the global phenomenon of population ageing and declining fertility rates [48], and further assessment
of the predictors of post-disaster fertility trends and birth outcomes in this context may be useful.
5. Strengths and Limitations
There are limitations to this study. First, we were unable to adjust analyses for maternal
risk characteristics for low birthweight such as smoking and alcohol consumption, in addition to
socioeconomic characteristics, because of limitations in data availability. Second, we did not have
any data from April 2011 through March 2012, due to the closure of the Obstetrics and Gynecology
Department in the study institution. Therefore, it was not possible to assess for any changes in birth
outcomes in those who were pregnant at the time of the disaster (March 2011). Our lack of immediate
post-disaster data may have contributed to the null results, and may not be directly comparable to
studies that have assessed immediate post-disaster birth outcomes. The sample size was small for the
analyses conducted, and although the data for this study comes from one institution, there are potential
differences between our pre- and post-disaster samples that should be acknowledged as they could
have caused sampling bias. As presented in the Discussion Section, post-disaster evacuation may have
been patterned by socioeconomic factors, which could have influenced the population composition of
those remaining in Soso District and thus participating in the post-disaster period of this study. It is
further possible that disaster-related psychosocial stress may disproportionately affect women with
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low- or high-risk pregnancies, or those with lower or higher socioeconomic status, yet we were unable
to assess for such characteristics due to limited data availability. For these reasons, we cannot rule out
the possibility that sampling bias may have masked any real associations between the disaster and low
birthweight or preterm birth.
However, alongside these limitations, this study has unique strengths. Methodological investigation
of evacuation and food purchasing patterns, in addition to a prolonged study period, are points
that could be informative to future research. Although efficacy of food purchasing preferences as a
measurement tool was limited in this study, we suggest that open discussion of the methodological
process undertaken here may be of use to future research in disaster settings; in essence, this is not only
a public health study but also an account of the exploratory methods undertaken in a data-constrained
post-disaster context. We suggest that there is a great need for in-depth exploration of the pathways to
adverse birth outcomes, and the potential for socioeconomic patterning, in future studies.
6. Conclusions
The prevalence of low birthweight and preterm births did not significantly change in a hospital
affected by the Fukushima Daiichi Nuclear Power Plant Accident, and there were no statistically
significant associations between these birth outcomes and evacuation or food purchasing patterns in
the post-disaster period. These results are inconsistent with previous findings on associations between
disasters and adverse birth outcomes, and call for further research, particularly on the mechanisms by
which disaster effects on maternal and perinatal health may be mediated.
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Table S3: Number (percentage) of low birthweight and preterm births by food purchasing patterns.
Acknowledgments: This research is supported by the Toyota Foundation Grant (D15-R-0009). The authors would
like to thank Masatsugu Tanaki and all of the Whole Body Counter staff at Minamisoma Municipal General
Hospital for excellent data management. The authors additionally acknowledge Erika Ota and Stuart Gilmour for
their constructive recommendations for data analyses.
Author Contributions: All authors conceptualized and designed the study. Claire Leppold, Toyoaki Sawano,
Hiroshi Anbe and Akihiko Ozaki collected the data. Claire Leppold, Shuhei Nomura, Masaharu Tsubokura,
and Sarah Hill interpreted the data. Shuhei Nomura conducted statistical analysis. Claire Leppold wrote the
manuscript, and all authors contributed to critical revisions for intellectual content.
Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design of
the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results.
Availability of Data and Material: The datasets generated and analysed during the current study are not publicly
available as they contain information that could compromise research participant privacy.
References
1. Saigal, S.; Doyle, L.W. An overview of mortality and sequelae of preterm birth from infancy to adulthood.
Lancet 2008, 371, 261–269. [CrossRef]
2. McCormick, M.C. The contribution of low birth weight to infant mortality and childhood morbidity. N Engl.
J. Med. 1985, 312, 82–90. [CrossRef] [PubMed]
3. Godfrey, K.M.; Barker, D.J. Fetal programming and adult health. Public Health Nutr. 2001, 4, 611–624.
[CrossRef] [PubMed]
4. Gluckman, P.D.; Hanson, M.A.; Cooper, C.; Thornburg, K.L. Effect of in utero and early-life conditions on
adult health and disease. N. Engl. J. Med. 2008, 359, 61–73. [CrossRef] [PubMed]
5. Valero De Bernabe, J.; Soriano, T.; Albaladejo, R.; Juarranz, M.; Calle, M.E.; Martinez, D.; Dominguez-Rojas, V.
Risk factors for low birth weight: A review. Eur. J. Obstet. Gynecol. Reprod. Biol. 2004, 116, 3–15. [CrossRef]
[PubMed]
6. Goldenberg, R.L.; Culhane, J.F.; Iams, J.D.; Romero, R. Epidemiology and causes of preterm birth. Lancet
2008, 371, 75–84. [CrossRef]
Int. J. Environ. Res. Public Health 2017, 14, 542 12 of 14
7. Kim, D.; Saada, A. The social determinants of infant mortality and birth outcomes in Western developed
nations: A cross-country systematic review. Int. J. Environ. Res. Public Health 2013, 10, 2296–2335. [CrossRef]
[PubMed]
8. Steegers, E.A.; Barker, M.E.; Steegers-Theunissen, R.P.; Williams, M.A. Societal Valorisation of New Knowledge
to Improve Perinatal Health: Time to Act. Paediatr. Perinat. Epidemiol. 2016, 30, 201–204. [CrossRef] [PubMed]
9. Harville, E.; Xiong, X.; Buekens, P. Disasters and perinatal health: A systematic review. Obstet. Gynecol. Surv.
2010, 65, 713–728. [CrossRef] [PubMed]
10. Tong, V.T.; Zotti, M.E.; Hsia, J. Impact of the Red River catastrophic flood on women giving birth in North
Dakota, 1994–2000. Matern. Child Health J. 2011, 15, 281–288. [CrossRef] [PubMed]
11. Xiong, X.; Harville, E.W.; Mattison, D.R.; Elkind-Hirsch, K.; Pridjian, G.; Buekens, P. Exposure to Hurricane
Katrina, post-traumatic stress disorder and birth outcomes. Am. J. Med. Sci. 2008, 336, 111–115. [CrossRef]
[PubMed]
12. Torche, F. The effect of maternal stress on birth outcomes: Exploiting a natural experiment. Demography 2011,
48, 1473–1491. [CrossRef] [PubMed]
13. Tan, C.E.; Li, H.J.; Zhang, X.G.; Zhang, H.; Han, P.Y.; An, Q.; Ding, W.J.; Wang, M.Q. The impact of the
Wenchuan earthquake on birth outcomes. PLoS ONE 2009, 4, e8200. [CrossRef] [PubMed]
14. Sanguanklin, N.; McFarlin, B.L.; Park, C.G.; Giurgescu, C.; Finnegan, L.; White-Traut, R.; Engstrom, J.L.
Effects of the 2011 flood in Thailand on birth outcomes and perceived social support. J. Obstet. Gynecol.
Neonatal. Nurs. 2014, 43, 435–444. [CrossRef] [PubMed]
15. Harville, E.W.; Tran, T.; Xiong, X.; Buekens, P. Population changes, racial/ethnic disparities, and birth
outcomes in Louisiana after Hurricane Katrina. Disaster Med. Public Health Prep. 2010, 4, S39–S45. [CrossRef]
[PubMed]
16. Harville, E.W.; Do, M. Reproductive and Birth Outcomes in Haiti before and after the 2010 Earthquake.
Disaster Med. Public Health Prep. 2016, 10, 59–66. [CrossRef] [PubMed]
17. Harville, E.W.; Giarratano, G.; Savage, J.; Barcelona de Mendoza, V.; Zotkiewicz, T. Birth Outcomes in
a Disaster Recovery Environment: New Orleans Women After Katrina. Matern. Child Health J. 2015, 19,
2512–2522. [CrossRef] [PubMed]
18. Ohlsson, A.; Shah, P.S. Knowledge Synthesis Group of Determinants of Preterm/LBWb. Effects of the 11
September 2001 disaster on pregnancy outcomes: A systematic review. Acta Obstet. Gynecol. Scand. 2011, 90,
6–18. [CrossRef] [PubMed]
19. Eskenazi, B.; Marks, A.R.; Catalano, R.; Bruckner, T.; Toniolo, P.G. Low birthweight in New York City and
upstate New York following the events of 11 September. Hum. Reprod 2007, 22, 3013–3020. [CrossRef]
[PubMed]
20. Oyarzo, C.; Bertoglia, P.; Avendano, R.; Bacigalupo, F.; Escudero, A.; Acurio, J.; Escudero, C. Adverse
perinatal outcomes after the 27 February 2010 Chilean earthquake. J. Matern Fetal Neonatal Med. 2012, 25,
1868–1873. [CrossRef] [PubMed]
21. Zotti, M.E.; Williams, A.M.; Robertson, M.; Horney, J.; Hsia, J. Post-disaster reproductive health outcomes.
Matern. Child Health J. 2013, 17, 783–796. [CrossRef] [PubMed]
22. Maslow, C.B.; Caramanica, K.; Li, J.; Stellman, S.D.; Brackbill, R.M. Reproductive Outcomes Following
Maternal Exposure to the Events of 11 September 2001, at the World Trade Center, in New York City. Am. J.
Public Health 2016, 106, 1796–1803. [CrossRef] [PubMed]
23. Witt, W.P.; Cheng, E.R.; Wisk, L.E.; Litzelman, K.; Chatterjee, D.; Mandell, K.; Wakeel, F. Maternal stressful
life events prior to conception and the impact on infant birth weight in the United States. Am. J. Public Health
2014, 104, S81–S89. [CrossRef] [PubMed]
24. Cheng, E.R.; Park, H.; Wisk, L.E.; Mandell, K.C.; Wakeel, F.; Litzelman, K.; Chatterjee, D.; Witt, W.P. Examining
the link between women’s exposure to stressful life events prior to conception and infant and toddler health:
The role of birth weight. J. Epidemiol. Community Health 2016, 70, 245–252. [CrossRef] [PubMed]
25. Hasegawa, A.; Tanigawa, K.; Ohtsuru, A.; Yabe, H.; Maeda, M.; Shigemura, J.; Ohira, T.; Tominaga, T.;
Akashi, M.; Hirohashi, N.; et al. Health effects of radiation and other health problems in the aftermath of
nuclear accidents, with an emphasis on Fukushima. Lancet 2015, 386, 479–488. [CrossRef]
26. Nomura, S.; Blangiardo, M.; Tsubokura, M.; Ozaki, A.; Morita, T.; Hodgson, S. Postnuclear disaster evacuation
and chronic health in adults in Fukushima, Japan: A long-term retrospective analysis. BMJ Open 2016, 6,
e010080. [CrossRef] [PubMed]
Int. J. Environ. Res. Public Health 2017, 14, 542 13 of 14
27. Gilmour, S.; Sugimoto, A.; Nomura, S.; Oikawa, T. Long-Term Changes in Stroke-Related Hospital
Admissions After the Fukushima Triple Disaster. J. Am. Geriatr. Soc. 2015, 63, 2425–2426. [CrossRef]
[PubMed]
28. Tsubokura, M.; Hara, K.; Matsumura, T.; Sugimoto, A.; Nomura, S.; Hinata, M.; Shibuya, K.; Kami, M. The
immediate physical and mental health crisis in residents proximal to the evacuation zone after Japan’s
nuclear disaster: An observational pilot study. Disaster Med. Public Health Prep. 2014, 8, 30–36. [CrossRef]
[PubMed]
29. Suzuki, K.; Yamagata, Z.; Kawado, M.; Hashimoto, S. Effects of the Great East Japan Earthquake on Secondary
Sex Ratio and Perinatal Outcomes. J. Epidemiol. 2016, 26, 76–83. [CrossRef] [PubMed]
30. Fujimori, K.; Kyozuka, H.; Yasuda, S.; Goto, A.; Yasumura, S.; Ota, M.; Ohtsuru, A.; Nomura, Y.; Hata, K.;
Suzuki, K.; et al. Pregnancy and birth survey after the Great East Japan Earthquake and Fukushima Daiichi
Nuclear Power Plant accident in Fukushima prefecture. Fukushima J. Med. Sci. 2014, 60, 75–81. [CrossRef]
[PubMed]
31. Yasuda, S.; Kyozuka, H.; Nomura, Y.; Fujimori, K.; Goto, A.; Yasumura, S.; Hata, K.; Ohira, T.; Abe, M.
Influence of the Great East Japan Earthquake and the Fukushima Daiichi Nuclear Disaster on the Birth
Weight of Newborns in Fukushima Prefecture: Fukushima Health Management Survey. J. Matern Fetal
Neonatal Med. 2016, 9, 1–18. [CrossRef] [PubMed]
32. Ishii, K.; Goto, A.; Ota, M.; Yasumura, S.; Fujimori, K. Pregnancy and Birth Survey of the Fukushima Health
Management Survey. Asia Pac. J. Public Health 2017, 29, 56S–62S. [CrossRef] [PubMed]
33. Hayashi, M.; Fujimori, K.; Yasumura, S.; Goto, A.; Nakai, A. Obstetric Outcomes in Women in Fukushima
Prefecture during and after the Great East Japan Earthquake and Fukushima Nuclear Power Plant Accident:
The Fukushima Health Management Survey. Open J. Obstet. Gynecol. 2016, 6, 705–713. [CrossRef]
34. The National Diet of Japan. The National Diet of Japan Fukushima Nuclear Accident Independent Investigation
Commission: Overview of the Damage and How It Spread; Executive Summary; The National Diet of Japan:
Tokyo, Japan, 2012.
35. Ministry of Education Culture Sports Science and Technology (MEXT): Document 1: Outlook of Evacuation
in Fukushima Prefecture, 14th Meeting of the Examining Committee for Nuclear Power Restitution Disputes.
Available online: http://www.mext.go.jp/b_menu/shingi/chousa/kaihatu/016/shiryo/1311103.htm
(accessed on 8 November 2016).
36. Little, J. The Chernobyl accident, congenital anomalies and other reproductive outcomes. Paediatr. Perinat.
Epidemiol. 1993, 7, 121–151. [CrossRef] [PubMed]
37. Dolk, H.; Nichols, R. Evaluation of the impact of Chernobyl on the prevalence of congenital anomalies in
16 regions of Europe. EUROCAT Working Group. Int. J. Epidemiol. 1999, 28, 941–948. [CrossRef] [PubMed]
38. United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR). Developments since
the 2013 UNSCEAR Report on the Levels and Effects of Radiation Exposure due to the Nuclear Accident Following
the Great East-Japan Earthquake and Tsunami: A 2015 White Paper to Guide the Scientific Committee’s Future
Programme of Work; United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR):
New York, NY, USA, 2015.
39. Levi, R.; Lundberg, U.; Hanson, U.; Frankenhacuser, M. Anxiety during pregnancy after the Chernobyl
accident as related to obstetric outcome. J. Psychosom. Obstet. Gynecol. 1989, 10, 221–230. [CrossRef]
40. Dancause, K.N.; Laplante, D.P.; Oremus, C.; Fraser, S.; Brunet, A.; King, S. Disaster-related prenatal maternal
stress influences birth outcomes: Project Ice Storm. Early Hum. Dev. 2011, 87, 813–820. [CrossRef] [PubMed]
41. Hamilton, B.E.; Sutton, P.D.; Mathews, T.J.; Martin, J.A.; Ventura, S.J. The effect of Hurricane Katrina: Births
in the U.S. Gulf Coast region, before and after the storm. Natl. Vital Stat. Rep. 2009, 58, 1–28. [PubMed]
42. Hasegawa, R. Disaster Evacuation from Japan’s 2011 Tsunami Disaster and the Fukushima Nuclear Accident.
Available online: https://orbi.ulg.ac.be/bitstream/2268/195804/1/STUDY0513_RH_DEVASTreport-1.pdf
(accessed on 15 April 2017).
43. Minamisoma City Office: Evacuation Status of Minamisoma City. Available online: https://www.city.
minamisoma.lg.jp/index.cfm/10,853,58,html (accessed on 26 March 2017).
44. Zhang, H.; Yan, W.; Oba, A.; Zhang, W. Radiation-driven migration: The case of Minamisoma City,
Fukushima, Japan, after the Fukushima nuclear accident. Int J. Environ. Res. Public Health 2014, 11, 9286–9305.
[CrossRef] [PubMed]
45. Samuels, J. 3.11: Disaster and Change in Japan; Cornell University Press: Ithaca, NY, USA, 2013.
Int. J. Environ. Res. Public Health 2017, 14, 542 14 of 14
46. Tateno, S.; Yokoyama, H.M. Public anxiety, trust, and the role of mediators in communicating risk of exposure
to low dose radiation after the Fukushima Daiichi Nuclear Plant explosion. J. Sci. Commun. 2013, 12, 1–22.
47. Goto, A.; Bromet, E.J.; Fujimori, K. Pregnancy, Birth Survey Group of Fukushima Health Management S:
Immediate effects of the Fukushima nuclear power plant disaster on depressive symptoms among mothers
with infants: A prefectural-wide cross-sectional study from the Fukushima Health Management Survey.
BMC Psychiatry 2015, 15, 59.
48. Muramatsu, N.; Akiyama, H. Japan: Super-aging society preparing for the future. Gerontologist 2011, 51,
425–432. [CrossRef] [PubMed]
49. Van Aalst, M.K. The impacts of climate change on the risk of natural disasters. Disasters 2006, 30, 5–18.
[CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
